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With an extended quark pair creation model we systematically study the OZI-
allowed three body open flavor decays of higher vector charmonium and bot-
tomonium states. We obtain that the BB∗pi and B∗B∗pi partial decay widths
of Υ(10860) are consistent with experiment, and the corresponding partial
decay widths of Υ(11020) can reach up to 2∼3 MeV. Meanwhile the partial
widths of DD∗pi and D∗D∗pi modes for most higher vector charmonium states
can reach up to several MeV.
Keywords: Quark pair creation model; Three body decays; Charmonium; Bot-
tomonium.
1. Introduction
After the observation ofX(3872) by the Belle Collaboration in 20031, lots of
charmoniumlike states have been found in experiment2. Among them, the
1−− states are of special importance because they can be easily produced in
the e+e− annihilation. To reveal the nature of charmoniumlike states, it is
important to have a better understanding of the normal charmonium states.
Considering the strong decay properties playing a pivotal role in uncovering
the nature of hadrons, in the present work we focus on the strong decays
of charmonium. Besides the two body open flavor decays, three body open
flavor decays are also important to the study of charmonium states with the
experimental process. In Ref. 3, we extended the quark pair creation(3P0)
model to second order and studied the ψ(4660)→ΛcΛ¯c process. In this
work, we further use the extended 3P0 model to study the three body open
flavor decays of higher vector charmonium and bottomonium states.
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2. The 3P0 Model
In the 3P0 model, a light quark pair is created from the vacuum, and then
regroups with the quarks within the initial hadron to produce two daughter
hadrons4–6. The corresponding interaction Hamiltonian reads7
Hqq¯ = γ
∑
f
2mf
∫
d3xψ¯fψf , (1)
where γ is the quark pair creation strength parameter, and ψf stands for the
Dirac field of light quark f with constituent quark mass mf . To study the
Fig. 1. The quarkonium (A) decays into three mesons (B + C +D). The intermediate
state is marked by a red dashed line.
decays of higher heavy quarkonium into two light-heavy mesons plus a light
meson (see Fig. 1), we extend the 3P0 model to second order, where two
light qq¯ pairs are created from the vacuum3,8. The corresponding helicity
amplitude MMJAMJBMJCMJD is defined as
δ3 (pA − pB − pC − pD)M
MJAMJBMJCMJD
=
∑
k
〈BCD|Hqq¯|k〉 〈k|Hqq¯|A〉
Ek − EA
(2)
where |k〉 is the intermediate state; EA (Ek) is energy of the initial (inter-
mediate) state; pi’s stand for the momenta of the hadrons. We apply the
quark-hadron duality9 to simplify the calculation. Since the intermediate
state differs from the initial state by a created quark pair at the quark level,
we assume3,8
Ek − EA ≈ 2mq. (3)
Under this approximation, we can rewrite the Eq. (2) as
δ3 (pA − pB − pC − pD)M
MJAMJBMJCMJD ≈
〈BCD|Hqq¯Hqq¯|A〉
2mq
. (4)
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It should be mentioned that the above assumption is reasonable at the
hadron level as well. Taking charmonium for example, the possible inter-
mediate states with quantum number JPC = 1−− are DD¯1, D
∗D¯0, D
∗D¯1,
D∗D¯2, J/ψf0(500), hc(1P )pi, hc(1P )η, χc0(1P )ω, χc2(1P )ω and tetraquark
states10 and so on. Their masses are approximately (4.0 ∼ 4.1) GeV. Thus
it is justness to take Ek − EA as a constant for the higher mass states
like ψ(4360), ψ(4415), and ψ(4660). But for the lower mass state, such
as ψ(4040) or ψ(4160), the value of Ek − EA is sensitive to the masses of
intermediate state due to its smallness. In this case, taking Ek − EA as a
constant will result in large uncertainties in the calculation. We will focus
on the higher mass states in the following.
3. Results and Discussions
For the higher vector charmonium states, we study the decay properties
of ψ(4360), ψ(4415), and ψ(4660). The theoretical results are collected in
Tables 1–3. It is shown that taking ψ(4360) as ψ(43S1)
11 or ψ(33D1)
12, the
DD∗pi partial decay width can reach up to 1 MeV. The partial decay width
is large enough to be observed in future experiments if ψ(4360) indeed turns
out to be the charmonium state ψ(43S1) or ψ(3
3D1).
Table 1. Partial decay widths
(MeV) of the vector charmonium
with a mass of 4368 MeV.
State ψ(43S1) ψ(33D1)
ΓDDpi 0.27 0.14
ΓDD∗pi 1.40 1.21
ΓD∗D∗pi 0.60 0.25
ΓDDη 0.6 keV 0.3 keV
Table 2. Partial decay widths (MeV) of the
vector charmonium with a mass of 4421 MeV.
State ψ
(
43S1
)
ψ
(
53S1
)
ψ
(
33D1
)
ΓDDpi 0.38 0.11 0.21
ΓDD∗pi 2.01 0.96 1.84
ΓD∗D∗pi 1.07 0.59 0.52
ΓDDη 5.4 keV 1.7 keV 2.9 keV
For the ψ(4415) state, when we take it as the ψ(43S1) assignment, the
decay widths of the DD∗pi and D∗D∗pi modes are larger than 1 MeV, while
theDDpi mode is also sizable, as shown in Table 2. The predicted branching
ratios of the DDpi and DD∗pi channels are consistent with the upper limits
(2.2% and 11% respectively) measured by the Belle Collaboration13,14. We
also consider the possibility of ψ(53S1) or ψ(3
3D1), which gives similar
results. More experiments are needed to determine the inner structure of
the ψ(4415) state.
As to ψ(4660) we have studied its decays into ΛcΛ¯c in Ref. 3. This state
has many possible assignments, namely ψ(4S, 5S, 6S) and ψ(3D, 4D, 5D)3.
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With those possible assignments, we calculate its decay properties, as list
in Table 3. From Table 3, we see that the DD∗pi and D∗D∗pi channels are
always the dominant channels, and the corresponding widths can reach up
to several MeV. The decay widths of DDρ and DDω modes are also quite
large. Moreover, if ψ(4660) is ψ(3D) state, the DDρ decay width can reach
up to 1.86 MeV.
Table 3. The partial decay width (MeV) of the vector charmonium with a mass
of 4643 MeV.
State ψ(43S1) ψ(53S1) ψ(63S1) ψ(33D1) ψ(43D1) ψ(53D1)
ΓDDpi 1.14 0.31 0.09 0.63 0.17 0.05
ΓDD∗pi 6.65 2.83 1.10 6.99 2.99 1.16
ΓD∗D∗pi 5.97 2.68 1.13 4.12 2.11 0.96
ΓDDρ 0.85 0.41 0.16 1.86 0.64 0.22
ΓDDω 0.24 0.12 0.05 0.59 0.20 0.07
ΓDDη 53.2 keV 15.3 keV 4.2 keV 29.1 keV 8.2 keV 2.2 keV
ΓDD∗η 0.25 0.12 0.05 0.20 0.11 0.05
ΓD∗D∗η 58.2 keV 38.7 keV 19.1 keV 8.5 keV 9.9 keV 7.5 keV
ΓDsDsη 3.0 keV 0.8 keV 0.2 keV 1.6 keV 0.4 keV 0.1 keV
ΓDsD∗sη 1.9 keV 1.3 keV 0.6 keV 12 eV 11 eV 7 eV
Besides the vector charmonium states, we also discuss the decay prop-
erties of Υ(10860) and Υ(11020), which are above the BBpi threshold. The
predictions are presented in Table 4. For Υ(10860), the partial decay ratios
of the BBpi and B∗B∗pi modes are consistent with the experimental data,
and the partial ratio of the BB∗pi mode is also very close to the experimen-
tal data15. For Υ(11020), the decay widths of BBpi, BB∗pi, and B∗B∗pi
are 0.34, 3.17 and 2.69 MeV, respectively. The latter two are quite large,
and have a good potential to be observed by the Belle II Collaboration in
the near future.
Table 4. The B(∗)B¯(∗)pi partial decay widths of the vector bottomonium
(MeV). Bexp represents the branching ratio for each corresponding channel.
Meson State Mode Γth Bi Γth.
16 Bexp.
15
Υ(10860) 53S1 BBpi 0.20 0.4% (0.0± 1.2)%
BB∗pi 1.22 2.4% (23–30) keV (7.3± 2.3)%
B∗B∗pi 0.61 1.2% (5–6.6) keV (1.0± 1.4)%
Υ(11020) 63S1 BBpi 0.34 0.7%
BB∗pi 3.17 6.5%
B∗B∗pi 2.69 5.5%
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